1. Introduction {#sec0005}
===============

Nanomaterials (NMs) are used for various purposes and functions in wide range of technologies such as drug delivery design of pharmaceuticals \[[@bib0005]\], biosensors \[[@bib0010]\], electronic devices \[[@bib0015]\], and photocatalysts \[[@bib0020]\], to name a few. Graphene family nanomaterials, such as graphene oxide (GO) and reduced graphene oxide (rGO), have recently been put under scientific attention for their potential in variety of applications, owing to their good thermal stability, high electronic conductivity, and excellent mechanical strength \[[@bib0025]\]. While, titanium dioxide (TiO~2~) either in the fine (\>100 nm) or ultrafine (\<100 nm) particles are commercially used in fields of coatings and paints, wastewater treatment, and cosmetics due to its appropriate physicochemical properties for the intended functions \[[@bib0030]\]. For such frequent use of NMs (from the past, current and future), will increase the risk of its release to the environment. Public debate is emerging on issues pertaining the toxicological effect and environmental health from direct and indirect exposure of nanoparticles in commercial products \[[@bib0035]\]. Surprisingly, the access to the nano-toxicology data for most manufactured nanoparticles is limited even though this field is at fast growing phase.

Time of exposure, size, and concentration of nanoparticles are among factors contributing to the toxicity effect. When delivered in the same mass dose, smaller size materials showed higher toxicity as compared to the larger ones \[[@bib0040], [@bib0045], [@bib0050], [@bib0055], [@bib0060]\]. Nanoparticles forms of TiO~2~ and CuO were found to be more toxic than their bulk forms particles against microalgae *Pseudokirchneriella subcapitata* culture \[[@bib0040]\]. Similar observation was reported for other nanomaterials of ZnO, SiO~2~, and Al~2~O~3~ in which their bulk forms exhibited lower toxicity compared to their particulate forms \[[@bib0050]\]. Smaller size of NMs not only exhibited higher surface area, but also have the ability to cross membrane barrier and accumulate within cells \[[@bib0065],[@bib0070]\]. The accumulation of NMs within the bacterial membrane was reported to result in cells death \[[@bib0075]\].

Many researchers found a direct proportional relationship between cells death and exposure time \[[@bib0080], [@bib0085], [@bib0090], [@bib0095]\], and between cells death and nanoparticle concentration \[[@bib0080],[@bib0100]\]. The longer the cell culture exposed to nanoparticles, the higher the cell death reported \[[@bib0090],[@bib0095]\]. This profile was observed in different studies on varieties of nanoparticles such as ZnO \[[@bib0090]\], GO \[[@bib0095]\], TiO~2~ \[[@bib0105]\] and AgNO~3~ \[[@bib0110]\]. The effect of NM concentration on cell viability was studied using graphene nanoplatelets \[[@bib0115]\], silver \[[@bib0120]\] and TiO~2~ \[[@bib0125]\]. A significant cell death was observed when exposed to 1 μg/mL (low concentration) of rGO. By increasing the dose of rGO to 100 μg/mL, complete cell death was reported \[[@bib0115]\], indicating a direct toxicity relationship with NM dosage. In contrast, separate studies conducted by Takenaka et al. \[[@bib0120]\] and Gurr et al. \[[@bib0125]\] on silver and TiO~2~ NMs, respectively, revealed that the lower concentration showed enhanced toxicity as compared to the higher concentration. Reason for this is due to the formation of NM aggregates in a culture containing higher NM concentration, leading to reduction in the overall toxicity \[[@bib0125]\].

Variety of nanomaterials such as TiO~2~, Fe~2~O~3~, AgO and ZnO are widely used as antimicrobial coating in many products. These nanomaterials had great antimicrobial resistance towards microorganism \[[@bib0040],[@bib0070],[@bib0130], [@bib0135], [@bib0140]\]. Microbial cultures such as bacteria, yeast, fungi and algae are commonly used to assess the antimicrobial properties of a specific nanomaterial. Bacterial strains, either belong to Gram-negative and Gram-positive are known to cause major public health problems. They response differently when exposed to different nanomaterial. For instance, both Gram-positive and Gram-negative bacteria are sensitive to TiO~2~ \[[@bib0145], [@bib0150], [@bib0155]\]. Nevertheless, Gram-negative *E. coli* was found to be less sensitive to TiO~2~ than Gram-positive *B. subtilis* and *B. megaterium* \[[@bib0145],[@bib0150],[@bib0160]\]. Gram-negative bacteria have more complex cell wall structure with two (outer and inner) cell membranes. The outer membrane influences the permeability of molecules, acts as additional barrier and therefore a probable explanation for their higher resistant against chemical agents under certain condition compared to Gram-positive bacteria \[[@bib0145]\].

Contradict to the above findings, other studies reported that Gram-negative bacteria to be more sensitive as compared to Gram-positive bacteria against TiO~2~ \[[@bib0155]\] GO \[[@bib0165]\], Ag \[[@bib0170]\], and CuO \[[@bib0175]\]. Pal et al. \[[@bib0155]\]. and Azam et al. \[[@bib0070]\] reported that Gram-negative *E. coli* has a negative surface charge which enhances the interaction with positive charge NMs. *E. coli* cells could attract lower charged cations per cell basis, as a result, higher cytotoxicity might be exerted at the lower valent cations \[[@bib0180]\]. The attachment of nanoparticles on microorganism may mechanically damage the cell wall causing the nanoparticles to penetrate into the cells, leaking of all cell constituents and eventually lead to cell death \[[@bib0185]\]. The other possible reason would be, Gram-negative bacteria possess a thin peptidoglycan layer with 7−8 nm thickness, while Gram-positive bacteria consists of thick peptidoglycan layer with 20−80 nm thickness \[[@bib0165]\]. Thicker peptidoglycan layer prevent the penetration of nanoparticles into the cytoplasm \[[@bib0110]\]. Besides, Gram-positive *B. subtilis* strain is known as spore-forming bacteria. Spore cell have much thicker and robust proteinous cell wall, and act as a major barrier for the nanoparticles from entering the cell \[[@bib0190]\].The variation of sensitivity of Gram-negative and Gram-positive bacteria could be due to differences in physiology, metabolism, cell structures, or degree of contact of organism with nanoparticles \[[@bib0175]\]. Other than bacteria, variation in toxicity effect of NP was also reported in other culture, such as yeast \[[@bib0045]\], fungus \[[@bib0195]\], human cells \[[@bib0125]\], nematodes \[[@bib0200]\], and crustaceans \[[@bib0205]\].

Owing the intrinsic properties such as small size and high specific area, toxicity of rGO and TiO~2~ must take into account as it is very useful in various applications. From our best knowledge, there is no other research done to compare the toxicity between carbon-based rGO and metal oxide TiO~2~ NPs using both Gram-positive and Gram-negative. Their toxicity effect on bacterial cells of Gram-positive and Gram-negative under different exposure times and concentrations was studied. Culture of *B. subtilis* and *E. coli* was used to represent Gram-positive and Gram-negative, respectively. Cell viability and death were monitored and quantified using selective Trypan blue staining, under direct microscopic observation. The morphological assessment of the cell structure when exposed to NMs was conducted via scanning and transmission electron microscopy with EDX to trace the deposition pattern of NMs in the cell culture.

2. Materials and methods {#sec0010}
========================

2.1. Materials {#sec0015}
--------------

*B. subtilis* subsp. spizizenii Nakamura et al. (ATCC® 6633™) was purchased from ATCC (USA). *E. coli* (ATCC® 25922™) was donated from culture collection at Faculty of Biotechnology and Biomolecular Sciences, UPM (Malaysia). Titanium dioxide (TiO~2~) (13463-67-7) powders range of 50−500 nm (anatase and rutile) were purchased from Sigma-Aldrich (New Jersey) while reduced graphene oxide (rGO) (7782-42-5) was prepared in-house using chemical exfoliation technique \[[@bib0210]\] with further modification \[[@bib0215]\]. Luria- Bertani (LB) medium, trypan blue and glycerol were also purchased from Sigma-Aldrich (New Jersey) and used directly without any further purification. All aqueous solutions were prepared with deionized water.

2.2. Characterization of NMs {#sec0020}
----------------------------

For NMs imaging, NMs powder was mounted onto the stub and coated with gold. Then, the samples were analyzed with SEM and EDX (S-3400 N, Hitachi, Japan).

2.3. Preparation of NMs suspension {#sec0025}
----------------------------------

NM powder was suspended in deionized water until reach the final concentration of 50, 100, and 150 μg/mL. The solutions then were sonicated in water bath sonicator (Branson, model 1510, USA) at 40 kHz under 185 W for 30 min to avoid agglomeration of NMs.

2.4. Preparation of bacterial culture {#sec0030}
-------------------------------------

*B. subtilis* and *E. coli* were grown overnight in LB medium at 37 °C and 180 rpm. The cultures were harvested at the exponential growth phase via centrifugation (LMC-3000, Biosan, Latvia) at 3000 rpm for 10 min. The cells were washed twice with deionized water to remove residual macromolecules and other growth medium constituents. Then the cell pellets were resuspended in LB medium. It was stored at −10 °C until use.

2.5. Quantification of cell viability using trypan blue staining method {#sec0035}
-----------------------------------------------------------------------

B. subtilis and *E. coli* culture were grown in LB medium at 37 °C under 180 rpm shaking speed for 24 h. At the interval of 0, 6, and 24 h incubation time, viable and non viable cells were counted using hemocytometer cell counting. 100 μL of sample was gently mixed with 100 μL of 0.4 % trypan blue dye and left to stand for 5 min. 20 μL of cell suspension was loaded into each chamber of hemocytometer and analyzed under a 40 × magnification of light microscope (DM3000, Leica, Germany). Non viable cells stained blue, while viable cells appear unstained under a microscope. After 24 h growth incubation time, cell culture was added with a known amount of rGO and TiO~2~ (anatase and rutile). Then cultures were left for further incubation until 96 h. The numbers of viable and non viable cells were counted at daily time interval. Numbers of cells were counted and compared with negative control (cell culture without NMs) ([Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Cells with trypan blue dye under light microscope. The black circle referring to viable cells, while red circle referring to nonviable cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 1

2.6. Cell morphology observation {#sec0040}
--------------------------------

The cell cultures were harvested via centrifugation. The samples were fixed in 2.5 % glutaraldehyde for six hours at 4 °C. The samples were further centrifuged (MiniSpin, Eppendorf, Germany) to remove the liquid form and washed with 0.1 M of sodium cacodylate buffer for three times. It was stand for 10 min after each washing process. The samples were then post fix in 1% of osmium tetraoxide for two hours at 4 °C and washed with 0.1 M of sodium cacodylate buffer for three times. It was stand for 10 min after each washing process. It was then put into critical dyer (EM CPD030, Leica, Germany) for 30 min, mounted onto the stub, and coated with gold. The samples were analyzed with SEM (S-3400 N, Hitachi, Japan). For TEM analysis, the specimen was infiltrated with acetone and resin mixture, placed into beam capsule and filled up with resin. It was then polymerized in oven at 60 °C for 24 h. The specimen was cut, stained with uranyl acetate for 15 min, before observation under TEM (JEM-2100 F, Joel, USA).

2.7. Statistical analysis {#sec0045}
-------------------------

At least three independent experiments were carried out in triplicates for each evaluation. All data were expressed as the mean and standard deviation.

3. Results and discussion {#sec0050}
=========================

3.1. Characterization of rGO and TiO~2~ NMs {#sec0055}
-------------------------------------------

SEM images of reduced graphene oxide revealed that it consists of non-particulate, thin, crumpled ([Fig. 2](#fig0010){ref-type="fig"}a), folded ([Fig. 2](#fig0010){ref-type="fig"}b), flower-like ([Fig. 2](#fig0010){ref-type="fig"}c) and wrinkle shape at the edge. The folded regions of the rGO sheets were found to have the average width of \<100 nm by high resolution SEM. From SEM images ([Fig. 3](#fig0015){ref-type="fig"}), small and sphere shape of rutile and anatase TiO~2~ NPs were observed and their dimension varied in a narrow range of 70−130 nm for anatase, while rutile has the size about 90−200 nm. There was no apparent morphology structure different between both TiO~2~ types. Although NPs aggregation was observed in this study, there were some particles still in individual nano sized particles in the solution. Sonication process was taken place to reduce the degree of agglomeration.Fig. 2SEM images rGO NPs consist of a) crumpled b) folded and c) flower --like shape.Fig. 2Fig. 3SEM images of a) rutile and b) anatase TiO~2~ nanoparticles.Fig. 3

3.2. Effect of rGO and TiO~2~ on bacterial growth {#sec0060}
-------------------------------------------------

The effect of NMs on the growth of *B. subtilis* and *E. coli* culture was performed in LB medium dosed with 100 μg/mL NMs for 96 h, [Fig. 4](#fig0020){ref-type="fig"} and [Fig. 5](#fig0025){ref-type="fig"}, respectively. In the absence of NMs (control), both *B. subtilis* and *E. coli* displayed similar growth profile consisted on log growth, stationary and death phase. Since all the cultures were used at their log phase, there was no lag phase observed. Exposure to NMs showed different outcomes between *B. subtilis* and *E. coli.* With respect to their control culture, deviations were observed in the length and onset time of exponential, stationary and death phase ([Table 1](#tbl0005){ref-type="table"} and [Table 2](#tbl0010){ref-type="table"}).Fig. 4Growth of *B. subtilis* treated with rGO and TiO~2~ at 37 °C for 96 h and 180 rpm shaking speed. Growth inhibition were determined by Trypan blue staining using hemocytometer cell counting method and expressed as percentage of control. X defined as the time of NMs dosage. Error bars represent the standard error of the mean.Fig. 4Fig. 5Growth of *E. coli* treated with rGO and TiO~2~ at 37 °C for 96 h and 180 rpm shaking speed. Growth inhibition were determined by Trypan blue staining using hemocytometer cell counting method and expressed as percentage of control. X defined as the time of NMs dosage. Error bars represent the standard error of the mean.Fig. 5Table 1Growth phase and kinetics of *B. subtilis* culture with the present of respective NMs.Table 1NMsLag phase (h)Log phase (h)Stationary phase (h)Death phase (h)μ~g~ (h^−1^)−k~d~ (h^−1^)Final cell concentration (cell/mL)Without NMs--24−5656−7272--960.05220.0042528 ± 2.646Anatase TiO~2~--24−72--72--960.00600.0056140 ± 1.732Rutile TiO~2~--24−72--72--960.03130.0049480 ± 1.732rGO--24−72--72--960.02730.0065380 ± 2.000Table 2Growth phase and kinetics value of *E. coli* culture with the present of respective NMs.Table 2NMsLag phase (h)Log phase (h)Stationary phase (h)Death phase (h)μ~g~ (h^−1^)−k~d~ (h^−1^)Final cell concentration (cell/mL)Without NMs--24--4848--7272--960.00800.0169600 ± 3.606Anatase TiO~2~------24--96--0.0241152 ± 2.000Rutile TiO~2~----24--4040--96--0.0171308 ± 1.000rGO----24--4040--96--0.0180302 ± 2.64

NMs caused a growth inhibition towards both microbes, but in different manner. Upon exposure to NMs, the viable cell count of *E. coli* dropped significantly as compared to the control culture ([Fig. 5](#fig0025){ref-type="fig"}) This leads to an early onset of death phase at the 20th hour for anatase TiO~2~ and the 40th hour for both rGO and rutile TiO~2~, as with comparison to the 72nd hour for the onset of death phase in control culture. The death rate constant, *k~D~* vary slightly among these NMs, ranging from 0.024−0.035 h^−1^ with anatase TiO~2~ gave the most toxic impact to the culture amounting to 75 % cell death at the end of the 96 h incubation time. Culture dosed with rGO resulted in 50 % reduction and this was in agreement with previous work by Li et al. \[[@bib0195]\], whom observed a reduction of viable cell by 46 % when exposed to 40 μg/mL rGO.

Different toxicity impact was observed in *B. subtilis* culture ([Fig. 4](#fig0020){ref-type="fig"}) than that in *E. coli* culture ([Fig. 5](#fig0025){ref-type="fig"}). Exposure to the NMs did cause some damaging to cells growth, however did not lead to sudden reduction in cell viability. Upon exposure to the NMs at the 24th hour of growth, cells were found to continuing their log growth phase however at slower growth rate with 70 % reduction in $\mu_{g}$ from 0.1 h^−1^ to 0.03 h^−1^ for both rGO and rutile TiO~2~ culture. For anatase TiO~2~, the cell entered stationary phase right after the its exposure and remained at that phase through the 96 h incubation period, with no apparent death phase. This may indicates that cells developed some degree tolerance against TiO~2~ present in the environment.

The differential toxicity impact from NMs exposure of Gram-positive versus Gram-negative bacteria is probably due to the differences in their cell wall structure. Gram-positive bacteria possess a thick peptidoglycan layer (∼20−80 nm) while Gram-negative bacteria have a thin peptidoglycan layer (7−8 nm) \[[@bib0165]\]. However, Gram-negative cell wall is composed of complex membrane with two cell membranes, a plasma membrane, and an outer membrane whereas, only plasma membrane appear in Gram-positive bacteria. The addition of the outer membrane in Gram-negative bacteria cells affects the permeability of molecules \[[@bib0145]\]. While this result is similar to the research conducted by Azam et al. \[[@bib0070]\] and Yoon et al. \[[@bib0220]\] on the antibacterial activities of other metal oxide nanomaterial, but it is in contradict with a studied by Azam et al. \[[@bib0175]\] and Rincon and Pulgarin \[[@bib0155]\]. Strain of *B. subtilis* is known to be a spore forming bacteria. Since the spore cells contain much thicker and robust proteinous cell wall, thus reduce the ability of nanoparticles to across the cell membrane \[[@bib0190]\]. In short, the resistance of microorganisms against nanoparticles is not only dependent on the type of bacteria, but also other factors, namely the mechanisms involved in the cytotoxicity of nanoparticles itself and others.

Anatase TiO~2~ dispersion exhibited the highest antibacterial activity, sequentially followed by rGO and rutile TiO~2~ ([Fig. 4](#fig0020){ref-type="fig"}) on both *E. coli* and *B. subtilis* culture. Both NMs are known to be very damaging to cells, as evidenced in this present study. Specifically, the degree of inhibition of anatase TiO~2~ was 2.7 and 2.2 fold greater than rutile TiO~2~ and rGO, respectively after being exposed to *E. coli* culture. When comparing the toxicity of anatase and rutile forms of TiO~2~ NPs, several factors can be considered. Based on the SEM image, anatase NPs (70−130 nm) was smaller compared to rutile (90−200 nm) particles. Smaller particles have higher surface area and particle number per unit mass. Result from the current study showed significant growth inhibition of rGO towards all test models. One possible reason is due to the direct contact of sharp edge of rGO nanosheets with the cell wall that may cause the cell membrane damage. The toxicity of TiO~2~ and rGO was reported mainly due to the generation of reactive oxygen species (ROS), even under normal laboratory lighting condition \[[@bib0225]\] and superoxide radical anion species. This was similar to previous study where 20 % growth reduction of *Staphylococcus aureus* (Gram positive bacteria) was recorded when exposed to TiO~2~ under normal laboratory lighting condition \[[@bib0230]\]. Meanwhile, the interaction between graphene nanosheets and bacterial surface was claimed to lead to the cell death \[[@bib0165]\]. The mechanism of antimicrobial action applicable to graphene-based materials has been proposed by Liu et al. \[[@bib0085]\], consisted of propose three steps mechanism, i) deposition of cells on graphene-based materials, ii) membrane and oxidative stress caused by direct contact of sharp edge graphene-based materials, and iii) oxidation of superoxide anion.

3.3. Concentration-dependent antibacterial activity of rGO and TiO~2~ {#sec0065}
---------------------------------------------------------------------

The concentration dependence of antibacterial activities on rGO and TiO~2~ NMs were determined at different concentrations (50, 100 and 150 μg/mL) for a duration of 24 h at 37 °C. In general, results showed a concentration-dependent on antibacterial activity with direct proportional relationship between them. [Fig. 6](#fig0030){ref-type="fig"} and [Fig. 7](#fig0035){ref-type="fig"} showed growth inhibition of *B. subtilis* and *E. coli* increases with the increase dose of rGO and TiO~2~ concentration, respectively. Increasing the concentration of NM increases the growth inhibition, indicates that concentration of NMs itself is one of prime parameter for the antimicrobial activity.Fig. 6Growth inhibition of *B. subtilis* treated with rGO and TiO~2~ at 37 °C for 24 h and 180 rpm shaking speed. Growth inhibition were determined by Trypan blue staining using hemocytometer cell counting method and expressed as percentage of control. Error bars represent the standard error of the mean.Fig. 6Fig. 7Growth inhibition of *E. coli* treated with rGO and TiO~2~ at 37 °C for 24 h and 180 rpm shaking speed. Growth inhibition were determined by Trypan blue staining using hemocytometer cell counting method and expressed as percentage of control. Error bars represent the standard error of the mean.Fig. 7

Both rGO and TiO~2~ exhibited significant toxicity effects even at low concentration of 50 μg/mL after 24 h of incubation time. Nevertheless, the maximum loss of *B. subtilis* and *E. coli* viabilities was recorded at 150 μg/mL concentration for both rGO and TiO~2~ nanoparticles. Among of these nanoparticles, TiO~2~ in anatase form was strongly inhibit the growth of *B. subtilis* and *E. coli* cultures at 150 μg/mL, with the growth inhibition of 76 % and 40 %, respectively. rGO was recorded to be the mild toxic nanoparticles, while rutile form was the least toxic in both bacterial samples. By increasing the nanoparticle concentration, it may raise the chance of interaction between cells and nanoparticles, thus increase in the loss of cell viability \[[@bib0235]\]. But, agglomeration of nanoparticles at higher concentration reduced the surface area \[[@bib0240]\] that may avoid direct interaction of it with bacteria, therefore reduce the cell wall penetration \[[@bib0050]\]. Graphene-based nanoparticles were reported to exhibit excellent antibacterial properties with mild cytotoxicity. A report by Hu et al. \[[@bib0180]\] stated that a reduction in the metabolic activity of *E. coli* as the concentration of GO and rGO increased from 20 to 85 μg/mL. A separate work by Tu et al. \[[@bib0245]\] reported that a possible mechanism of direct contact between the sharp edge of GO with *E. coli* causing induction of outer and inner cell membranes degradation, subsequently lead to cell death.

3.4. Time-dependent antibacterial activity of rGO and TiO~2~ {#sec0070}
------------------------------------------------------------

Time-dependent antibacterial activity of NPs was evaluated by dosing the culture with 50 μg/mL of NPs at the mid log phase of their growth and left to further incubate for 96 h. [Fig. 8](#fig0040){ref-type="fig"} and [Fig. 9](#fig0045){ref-type="fig"} showed the percentage of viable cell versus time for both *B. subtilis* and *E. coli* cultures, dosed with different NMs, respectively. In general, the present of NMs in their culture media causing viable cell to decrease in number. Prolonged incubation leads to further reduction in the cell viability in all cultures. At the end of the 96th hour, different percentage of viable cell remained in *B. subtilis* (ca. 30--50 %) as compared to *E. coli* (ca. 50--60 %). On other word, *E. coli* is more robust compared to *B. subtilis* when exposed with same NMs under same condition. This may be due to differences in their cell membrane structure and composition, from which *B. subtilis* has a thinner peptidoglycan layer \[[@bib0165]\].Fig. 8Percentage of *B. subtilis* remained after treated with rGO and TiO~2~ at 37 °C and 180 rpm shaking speed. Cell viability was determined by hemocytometer cell counting method and expressed as percentage of control. X defined as the time of NMs dosage. Error bars represent the standard error of the mean.Fig. 8Fig. 9Percentage of *E. coli* remained after treated with rGO and TiO~2~ at 37 °C and 180 rpm shaking speed. Cell viability was determined by hemocytometer cell counting method and expressed as percentage of control. X defined as the time of NMs dosage. Error bars represent the standard error of the mean.Fig. 9

By increasing the incubation time, NPs had more chance to mingle around with the cells, attach to cell membrane, and therefore caused more membrane damage that lead to cell death. Similar trend also can be seen in the *E. coli* and *B. subtilis* cultures when incubated with NPs. This result was similar with other researcher \[[@bib0080],[@bib0085]\], whom suggested that the antibacterial activity of NPs was time-dependent, and other researcher \[[@bib0090]\] found that none of *E. coli* and *B. subtilis* colony were detected for a longer NPs exposure as compared to a shorter exposure. Rincon and Pulgarin \[[@bib0135]\] reported that longer exposure time is required for bacterial inactivation if the initial concentration of bacteria is higher.

3.5. Morphological assessment of cell morphology when exposed to NMs and postulation of NMs deposition mechanism {#sec0075}
----------------------------------------------------------------------------------------------------------------

SEM and TEM analysis were used to illustrate the interaction between nanoparticles and bacterial cultures. Cell exposed to NMs were observed under SEM imaging. [Fig. 10](#fig0050){ref-type="fig"}a showed surface morphology of *B. subtilis* cell having a short rod shaped with smooth surface structure. Upon exposure to TiO~2~ ([Fig. 10](#fig0050){ref-type="fig"}b), surface structure appeared to be severely damaged with appearance of fractures and cracks, lead to disintegration to cell integrity. The TEM imagine showing the internal cross section of cell structure ([Fig. 10](#fig0050){ref-type="fig"}c) and upon exposure of TiO~2~, the cell disintegration was observed in [Fig. 10](#fig0050){ref-type="fig"}d and eventually caused cell to leak the cytoplasmic content to external. The similar phenomenon was observed for *E. coli*. \[[@bib0190]\], in which nanoparticles have penetrated inside the cell, causing the membrane damaged, however we did not observed this in our TEM analysis. After washed three times with deionized water, we found that titanium in both forms were still attach to the cell surface. This results proven that physical adherence of TiO~2~ onto the cell surface, did take place when they are present in their growing culture media. The adherence mechanism may be due to physical adsorption via opposite charge. Stoimenov et al. \[[@bib0190]\] stated that the opposite charge of nanoparticles and bacteria may cause tighter binding between them, due to electrostatic forces. The roughness of TiO~2~ nanoparticles also can increase the contact point between nanoparticles and cells causing damage at multiple points, which might eventually kill the microorganism \[[@bib0160]\]. The mechanism in which the NPs are able to cause the cell membrane damage and lead to cell death is not fully understood, but our study suggest that when cells were treated with NMs, changes were took place in its membrane that produced a major increase in its permeability affecting the proper transport through plasma membrane, causing the cells incapable of regulating transport properly through plasma membrane. In our study, it was believed that during direct contact between NMs and bacterial cells caused in the DNA damage and cellular protein become inactive.Fig. 10Electron micrographs for a) surface scanning image of typical *B. subtilis* cell, b) surface scanning image of *B. subtilis* after exposure with anatase TiO~2~, c) transmission cross-sectional image of *B. subtilis* cell and d) transmission cross-sectional image of *B. subtilis* after exposure with anatase TiO~2~ NM.Fig. 10

4. Conclusion {#sec0080}
=============

Nanomaterials of rGO and TiO~2~ (anatase and rutile) exhibited toxicity impact towards both *B. subtilis* and *E. coli*. In general, anatase TiO~2~ is more toxic compared to rGO and rutile TiO~2~. NMs caused reduction in growth rate for *B. subtilis* with significant reduction in growth rate constant. In contrast, observation on the toxicity impact was slightly different in *E. coli*, where upon NMs exposure, the early onset of death phase was observed. The loss of viable cell by NMs exposure was found to be concentration and time dependent. Morphological observation had shown the adhesion of NMs on the cell surface and leading to disruption of cell membrane structure.
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